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Last two decades, with the rapid changes and development of nanotechnology and biological materials,
diverse multi-functional nanomaterials emerging, which offers a novel way to treat and diagnose
diseases, and therefore spawned the new biomedical technology of theranostics, which integrates the
treatment and diagnosis or monitoring of diseases into one. Ag,S as a bio-nanomaterial with low
biotoxicity has attracted more and more attention due to its good photoluminescence properties and
fluorescence imaging of small animals in the second near-infrared region (NIR-II). Meanwhile, Ag,S has
the ability to absorb near-infrared light strongly because of its local surface plasma resonance (LSPR)
effect and had become a kind of photothermal converters with good photothermal conversion efficiency.
More interestingly, both photothermal effect and fluorescence characteristics of Ag,S nanoparticles (NPs)
are closely related to their particle sizes. However, the relationship between photothermal effect and
fluorescence characteristics of Ag,S NPs and their sizes has not been reviewed so far. Herein, the
synthesis methods and influencing factors of synthesize Ag,S NPs with different sizes were compared
firstly, and then the photothermal effect and fluorescence characteristics of Ag,S NPs with different sizes
were summarized. Finally, the possibilities and challenges of using Ag,S NPs to construct theranostic
agent were discussed in the end.
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1. Introduction

Since John Funkhouser first proposed the concept of “theranostic”
in 1998, this technology has attracted extensive attention in the field
of nano-bio materials at home and abroad, providing a new
treatment strategy for personalized medicine and precision medi-
cine [1-4]. The integration of diagnosis and treatment of cancer has
shown great potential in real-time observation of the accumulation
and therapeutic effect feedback of nanometer drugs. The core
technology of theranostic is the rational design of therapeutic
diagnostic agents. Common therapeutic diagnostic agents mainly
include multi-component therapeutic diagnostic agents and single-
component therapeutic diagnostic agents. The former needs to
combinate therapeutic agents and diagnostic agents on the same
carrier particle [5-7]. Complex synthesis process, limited loading,
leakage problem and effective release of therapeutic agents at the
tumor site are the main challenges, which multi-component
theranostics facing [8-10]. Meanwhile, the theranostic with multiple
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components will alsoincrease the adverse effects on the human body
and expand the production cost, so it is encouraged to use fewer
components or a single component for simple and effective
therapeutic diagnostic design [11,12].

Due to the strong and tunable characteristics of local surface
plasma resonance (LSPR), photothermal nanomaterials can convert
the near-infrared (NIR) light (650—1000 nm) absorbed into resonant
and transferred heat energy, raising the temperature of surrounding
tissues, and achieving the local killing effect [13,14]. At the same
time, when these materials absorbing near-infrared light and
generating thermal energy, they can also send out photoacoustic
signals in the form of ultrasonic waves and pressure waves to
perform photoacoustic imaging, to realize the integration of
treatment and diagnosis [ 15-18]. At present, common photothermal
nanomaterials mainly include gold nanomaterials [19,20], carbon-
based nanomaterials [21-23], chalcogenide nanoparticles [24-26],
organic nanomaterials [27-30] and other particles [31-34]. There-
fore, the photothermal nanomaterials mentioned above can be given
priority in the design of single-component therapeutic diagnostics.

Photothermal nanomaterials can be directly used to construct
theranostic agents. But single-mode imaging is not accurate
enough and is susceptible to tissue penetration depth and spatial
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resolution compared with bimodal or multimodal imaging, which
are more advantageous in disease diagnosis, real-time observing of
drug enrichment and release at targeted sites [35-38]. Fortunately,
most of the above-mentioned photothermal materials have other
imaging capabilities on account of their unique optical character-
istics. For instance, gold nanomaterials can perform CT imaging
and magnetic nanoparticles can perform MRI imaging, respectively
[7,10,39]. However, CT imaging has dangerous ionizing radiation
[40], soft tissue contrast is poor, spatial resolution is limited; MRI
imaging signal intensity is poor, low sensitivity. At the same
time, the acquisition and post-processing time of the two is longer
[41-43]. In contrast, near-infrared (NIR) fluorescence imaging,
especially fluorescence imaging in the second infrared region (NIR-
I1), is a very powerful diagnostic candidate on account of its deeper
tissue penetration, higher spatial resolution, and smaller auto-
fluorescence effects [44-47]. Nevertheless, the fluorescence
quantum yield (QY) of carbon-based materials is fairly low, and
the fluorescence brightness of organic small molecule dyes needs
to be further improved. Therefore, sulfur quantum dots (QDs), a
new class of second near-infrared (NIR-II) fluorescent nano-
materials, are receiving more and more attention and research
due to their higher quantum yield and better fluorescence signal
intensity [48-53]. Compared with traditional fluorescent imaging
agents, they have the following advantages: 1) deeper tissue
penetration and higher imaging resolution; 2) less autofluores-
cence, lower tissue scattering and higher signal-to-noise ratio; 3)
good light stability, strong photobleaching resistance and long
fluorescence lifetime [54-58]. However, the common quantum
dots, such as CdS, PbS, PbSe and HgS, have been limited their
medical applications due to their high toxic ions [59-61]. In
contrast, Ag,S quantum dots without hazardous ions are better
choice of diagnostics in theranostics because of their advantages of
better biosafety [62-64].

It has been reported that the PA signal of Ag,S nanoparticles (NPs)
in tumors is enhanced by 2.4 times (24 h after injection) for their
ideal photothermal effect and better tumor targeting [65,66]. At the
same time, Ag>S NPs has a good fluorescence quantum yield, so they
can provide ultrasensitive and visualized NIR-II fluorescence
imaging for tumor [67-70]. The combination of the above mentioned
PA signal and NIR-II fluorescence imaging can form a complementary

imaging mode that provides deeper tissue penetration, higher
spatial resolution and stronger supersensitivity for imaging,
treatment guidance and postoperative detection of the disease site.
However, Ag,S NPs with different sizes have different photothermal
effects and fluorescence characteristics, so the size has a significant
influence on the therapeutic and diagnostic effects of Ag,S NPs.

In this review, we sketched out the synthesis methods and
influencing factors of synthesize Ag,S NPs with different sizes
firstly, and then the photothermal effects and fluorescence
characteristics of Ag,S NPs with different sizes were compared.
Meanwhile, the relationship between photothermal effects and
fluorescence characteristics and particle sizes of Ag,S NPs were
summarized according to the reported articles. Finally, the
possibility and challenge of Ag,S NPs for constructing a theranostic
agent were discussed. This review hopes to provide some ideas for
the subsequent development of Ag,S NPs as a single-component
theranostic agent or multifunctional nano-carrier to better use and
exert its value.

2. Structure and synthesis of Ag,S NPs

Ag>S have three convertible crystal structures, including
monoclinal Ag,S (a-Ag,S), body-centered cubic Ag,S (-Ag,S)
and face-centered cubic Ag,S (y-Ag,S) [71,72]. Compared with the
cubic Ag,S, a-Ag,S is easier to synthesize, and its particle size is
smaller, so it can be better used in biomedical applications. Here,
we will focus on the Ag,S of this crystal. With the rapid
development of biological nanotechnology, the synthesis technol-
ogy of Ag,S materials has also been developing continuously, and
numerous nanoparticles with different morphologies, structures,
and particle sizes are emerging one after another. This part mainly
summarized the structure, synthetic methods and influence
factors of Ag,S NPs with different particle sizes. Table 1 [73-94]
mainly lists some Ag,S NPs with different morphologies and
structures, and Fig. 1 shows part of TEM diagram of nanoparticles.

2.1. Synthetic methods of Ag>S NPs

In 1995, Pileni et al. [95] first reported and synthesized Ag,S NPs
with different sizes (<10 nm) by reverse micelle method. Later,

Table 1
Different types of Ag,S NPs.

Nanoparticle Morphology Method of synthesis Nanoparticle size Refs.
Ag,S NCs Nanocluster Biomineralization ~2.8nm [73]
Ag>S QDs Nanocrystal Seed-growth 4.7 nm [74]

Hot-injection 3-10nm [75]
Ag,S NPs Nanosphere Solventless thermolytic 12 nm, 20 nm, 50 nm [76]
Ag>S NPs Nano-cubes Solvothermal 7~50 nm [77]
Ag>S NRs Nanorice Hydrothermal 70-90 nm [78]
Ag,S NPs Hexagonal Chemical precipitation 100-120 nm [79]
Ag>S NRs Nanorod Chemical precipitation 70—-160 nm x 200—360 nm [80]
Ag>S Worm-like W]/O reverse microemulsion 30 nm x micrometers [81]

Solution-growth 50 nm [82]
Ag>S NRs Rod-like y-Ray irradiation 200-500 nm [83]
Ag,S MRS Micro-rod Solvothermal ~ 0.3 pm [84]
Ag>S NWs Nanowire Microwave >10 pm [85]

Wet chemical method 10-30 nm x micrometers [86]

Solution-growth 150 nm x ~10 pm [82]
Ag,S Spokewise microbar Solution-growth 2.5-3.0 pm x 60 pm [82]
Ag,S NSs Nanosheet Hydrothermal - [87]
Ag,S Tetrahedron Solvothermal 100-1000 nm [88]
Ag,S-ZnS Core-shell Photochemical approach 7 nm [89]
Cu-Ag,S Nanosphere Cation exchange method 8.6 nm [90]
Ag/Ag,S Nanowire In-situ synthesis 9 x 21 nm [91]
Ag,S/HgS Core-shell Cation exchange method 15-30 nm [92]
Au@Ag,S Core-shell In-situ synthesis ~80nm [93]
Ag,S/Ag Nanoprism Cation exchange method 200 nm [94]
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Fig. 1. Different morphologies and structures of Ag,S nanomaterials. (a) Quantum dots. Copied with permission [74]. Copyright 2012, American Chemical Society. (b)
Nanosphere. Copied with permission [75]. Copyright 2012, Elsevier B.V. (¢) Hexahedron. Copied with permission [78]. Copyright 2012, Elsevier B.V. (d) Nanocube. Copied with
permission [76]. Copyright 2004, WILEY-VCH Veriag GmbH & Co. KGaA, Weinheim. (e) Nanorice. Copied with permission [77]. Copyright 2014, Elsevier B.V. (f) Tetrahedron.
Copied with permission [87]. Copyright 2007, WILEY-VCH Veriag GmbH & Co. KGaA, Weinheim. (g) Worm-like. Copied with permission [80]. Copyright 2010, Elsevier B.V. (h)
Micro-rod. Copied with permission [83]. Copyright 2019, The Authors. (i) Nanosheet. Copied with permission [86]. Copyright 2005, Elsevier B.V. (j) Spokewise. (k) Nanofibers.
(j and k) Copied with permission [81]. Copyright 2007, Elsevier B.V. (1) Nanowire. Copied with permission [85]. Copyright 2008, Elsevier B.V.

Mehra et al. [96] synthesized water-soluble Ag,S NPs with sizes of
~9nm by modifying cysteine and glutathione in 1999. Subse-
quently, Zhao [97] and Qian [98] successively prepared Ag,S NPs
with uniform particle size by using dodecythiol as surface ligand
molecule and solvent in 2003 and 2004.

The synthetic solvent of Ag>S NPs includes organic phase and
aqueous phase. Organic phase synthesis mainly consists of a high-
temperature thermal decomposition method [76,99-102] and
solvent thermal method [77,79]. The nanoparticles obtained by the
above methods have uniform sizes and good crystal quality.
However, the organic solvent is harmful to the human body, and
the prepared nanoparticles are hydrophobic, which need further
modification to improve the biosafety of those nanoparticles’
application in vivo. Based on the above problems, more researchers
turned to the direct synthesis of Ag,S NPs in the aqueous phase. At
present,common water phase synthetic methods include chemical
coprecipitation method [103-106], hydrothermal method
[78,107,108], bionic synthesis method [109-114] and cation
exchange method [94,115] and so on. Other synthesis methods
also include in situ growth method [116,117], seed growth method
[74], electrostatic spinning method [118], etc. Compared with other
morphologies of Ag,S, spherical nanoparticles have been studied
more in photothermal therapy and fluorescence imaging, so we
briefly summarized partial synthesis methods and applications of
this kind of Ag,S NPs with different sizes in Table 2
[74,99,101,103,107,112,115,118-126].

2.2. Influence factors of different sizes
The physicochemical properties and optical characteristics of

the same nanoparticle will change with its particle size, leading to
different applications [127,128]. Generally speaking, Ag,S NPs with

different sizes can be obtained by different synthesis methods.
However, Ag,S NPs with different sizes can also be obtained by
controlling different conditions of the same method. Therefore, it is
our ultimate goal to skillfully control different reaction conditions
to form the optimal size in the synthesis of Ag,S NPs. This section
discussed different influence factors of Ag,S NPs size.

2.2.1. Ag/S ratio

In 2008, when Li et al. was synthesizing nanowires, they found
that increasing Ag/S would result in enlarging the size of reaction
products. However, if the ratio of Ag/S is reduced, Ag,S nano-
spheres would appear, and further decreasing would lead to
smaller nanospheres [86]. In the same year, Andrew A.R. Watt et al.
synthesized Ag,S NPs with different sizes by controlling the ratio of
Ag/S (as shown in Fig. 2), which has the same phenomenon as Li’s
group [129]. Yagci Acar et al. developed water-soluble Ag,S QDs
with high luminescence in 2012 [130]. Likewise, they also obtained
a series of Ag,S NPs with different sizes and screened out the
optimized luminescent nanoparticles among them. Yu et al. [112]
studied the relationship between the particle sizes and Ag/S ratios
of Ag,S NPs in detail, which proved the above conclusion once
again. As described in Fig. 3, with the Ag/S molar ratios change
from 3:1 to 1:10, the nanoparticle size varies from 1.5 nm to 7.5 nm.

It can be seen that the precursors’ concentration of Ag* and S?~
plays a significant part in the nucleation and growth of Ag,S NPs. In
the initial phase of reaction, Ag* and S?>~ continue to combine to
form a nucleus with small particle size; In the later stage of the
reaction, the nanoparticles begin to grow and the particle size
becomes larger and larger. As S*~ is constantly added, Ag* is
consumed and nanoparticles continue to grow. The larger the Ag/S,
the smaller the particle size. Conversely, the more S?~ is added, the
larger the particle size is [79,86,120,130,131].
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Table 2

Synthetic methods of Ag,S nanoparticles and their applications.
Nanoparticles Precursors Method Size Application Refs.
Ag,S QDs AgAc, (TMS),S Hot-injection 1.5+04nm NIR imaging [74]
Ag,S QDs Ag (DDTC), 1-dodecanethiol Thermal decomposition 2.8nm In vivo imaging [99]
Ag>S QDs AgNOs;, BSA Bionic synthesis 2.8nm Near-infrared imaging [112]
Ag,S QDs CdS QDs, Ag* Cation exchange method ~3.5nm NIR-II imaging [115]
Ag>S NCs Ag (DDTC), 1-dodecanethiol Thermal decomposition 4.3 4+0.7nm In vivo imaging [101]
Ag,S QDs Ag (DDTC), 1-dodecanethiol Thermal decomposition 5.4nm NIR-II imaging [119]
Ag>S NDs AgNOs, Na,S Biosynthesis 41 nm, 75nm, 9.8 nm Phototherapy, near-infrared imaging [120]
Ag,S NPs Ag (DDTC) Thermal decomposition 10.2 0.4 nm NIR-II imaging [121]
Ag,S NPs AgNOs, Na,S Biosynthesis 9.0 £3.5nm - [122]
Ag>S NPs AgNOs, Na,S Colloidal method 10—-12 nm Electrical characteristics [123]
Ag,S NPs AgNOs3, CS, Electrostatic spinning 15nm Nanomaterials [118]
Ag,S NPs AgNOs, Na,S Ion-exchange method 20 nm Sono-catalyze [124]
Ag,S NPs AgNOs3, Gum Kondagogu Hydrothermal method ~25nm Photocatalytic, fluroscence, and antimicrobial activities [107]
Ag>S NPs AgNOs3, Thioacetamide Wet chemical method 40 nm Tumor photothermal therapy [103]
Ag>S NPs AgNOs, Na,S, NaC;H2550,  Low temperature synthesis 30—60 nm Electrical conductivity [125]
Ag,S NPs AgNOs, (CH;),CS Hydrothermal method ~100 nm Photothermal therapy [126]

Fig. 2. TEM images of Ag,S NPs with different Ag/S molar ratios at 180 °C. (a) 1:1; (b) 2:1; (c) 4:1; and (d) 8:1. Reproduced with permission [128]. Copyright 2008, American

Chemical Society.

2.2.2. Reaction time

In a report, the authors prepared Ag,S carboxyl-terminated
nanocrystals by reacting silver nitrate and mercaptopropionic acid
[132]. As shown in Fig. 4, two different sizes of nanoparticles were
obtained by reacting for 5 min or 30 min at 145 °C, respectively.
Another study, the researchers explored the impact of longer
reaction time on the size of nanoparticles [133]. Appropriate
amounts of thiourea (Tu) and silver nitrate were mixed and stirred,
and then transferred the mixture to Teflon stainless steel autoclave
reactor for reaction with 12h, 24h, 48h, 72h, and 96h,
respectively, at 160 °C. The results show that the size of nano-
particles increases with the reaction time. A similar pattern was
confirmed in Wang’s research works in 2014 [134]. With the
extension of the reaction time, nanoparticles grow and mature
gradually (shown in Fig. 5). Besides, prolonged the reaction time
can not only obtain larger size nanoparticles but also improve the
crystallinity of nanoparticles continuously, so that the quality of
nanoparticles can be optimized [120,130,132,134]. However, the
size of particles will be increasing with the continuous extension of
reaction time, and their specific surface area and surface energy
change, which is easy to cause agglomeration [78,79,133].
Therefore, appropriate reaction time plays a crucial role in the
size control of Ag,S NPs.

2.2.3. Reaction temperature

The reaction temperature has a certain influence on the size of
nanoparticles. Meanwhile, the reaction temperature has a signifi-
cant impact on the crystallinity of nanocrystals. Generally
speaking, the higher the temperature, the better the crystallinity
and the crystal quality. Some studies suggest that reaction
temperature has little effect on nanoparticle size [120,135]. While
some reports suggest that the size of nanoparticles increases with
the reaction temperature within a certain range [86,129,130].

Wang et al. prepared a series of nanoparticles with different size by
controlling different reaction temperature (Fig. 5) [134]. After
observation and comparison, we found that within a certain range,
the higher the reaction temperature, the larger the particle size of
the product. However, too high temperature will result in changes
in the crystal form of nanocrystals, which lead to increase surface
defects or excess, and decrease fluorescence intensity and
quantum yield of nanocrystals. Choosing the right reaction
temperature is also crucial.

2.2.4. The dosage of ligand

The long-term stability of nude Ag,S NPs is not ideal. Therefore,
the ligand molecules are generally added as stabilizer to modify
Ag,S NPs in the process of reaction, to enhance its stability and
water solubility, which facilitate its late clinical application in vivo.
Besides, the ligand molecules in the reaction also play the role of
end-capping reagent, controlling the size of the product nano-
particles.

Xu et al. exploited a novel one-pot procedure to generate size-
adjustable Ag,S NPs by pyrolyzed single precursor Ag[S,P(OR);],
where R =C,H,,+1 and n value varies from 5 to 20 [136]. In the
experiment, Ag,S NPs of different sizes were synthesized by
controlling different n values (n=38, 12, and 16). As depicted in
results, the particle sizes are tunable due to alter the value of “n”.
According to references [137,138], the same conclusion that
particle size increases with the increase of ligand molecule dosage
or concentration can be drawn. The increase of the amount of
ligand molecule provides more opportunities to react with the
surface groups of Ag,S NPs, thus leading to more adsorption on the
surface of nanoparticles, which not only increases the particle size
of nanoparticles, but also reduces the surface defects of nano-
particles, and improves their fluorescence intensity and quantum
yield. However, from the introduction of part 3, we realized that



R. Han et al./Chinese Chemical Letters 31 (2020) 1717-1728 1721

H

W'F B

05 10 15 20 25 30
Particle size (nm)

Distribution %

3

Distribution %

2 3 4
Particle size (nm)

Distribution %
N
o

| [h

15 2.0 25 3.0 3.5 4.0 45 50
20 nm Particle size (nm)

3 3 g 3

Distribution %

°

30

»N
°

Distribution %
3

Fig. 3. TEM images and corresponding size distribution histogram of Ag,S NPs
obtained with different Ag/S molar ratios. (a) 3:1; (b) 1:2; (c) 1:3; (d) 1:5; and (e)
1:10. Copied with permission [111]. Copyright 2013, IOP Publishing Ltd. Printed in
the UK & the USA.

N
v

1.5%1.1 nm

-
(3,

Fre&uéncy t%i
N
o

-
o

o u

1 2 3 4 5
Diameter (nm)

the size of nanoparticles is inversely proportional to the
fluorescence intensity, so controlling the number of ligand
molecules can achieve higher diagnostic value.

2.2.5. Other factors

Except for the above factors, the solvent type, pH value, the type
and molecular of ligand, and the injection order of ions of the
reaction system also have a certain impact on the size of the target
particle [135,139-142]. Controlling different reaction conditions
can produce very different results for chemical reactions. For
example, Havva Yagci Acar et al. obtained a series of Ag,S NPs with
different sizes by controlling different reaction pH values [143].
The size of the nanoparticles obtained in the weakly alkaline
environment (pH 9.0) was the smallest, and the largest in the acidic
environment (pH 5.5).

Through the exploration of the above reaction conditions, it is
not difficult to summarize the influence of each reaction condition
on the size of nanoparticles. Meanwhile, some reported studies
have confirmed our conclusion. Jin et al. [115] obtained a series of
biocompatible Ag,S QDs of near-infrared emission by cation
exchange method, and detected photoluminescence emission
spectra of Ag,S QDs at different reaction time points. As we said
above, with the passage of reaction time, the size of nanoparticles
became larger, and the corresponding position of maximum
emission peak experienced redshift. Similarly, Pang et al. [74] also
obtained a series of Ag,S QDs with different emission peaks, which
again confirmed the relationship between reaction temperature,
time and particle size. According to reference [110], the effect of the
Ag/S ratio on particle sizes is also consistent with the above
conclusions.

3. Nanoparticles with different sizes for photothermal therapy

Photothermal therapy, as a novel tumor treatment method, is
expected to become another tumor treatment method with great
potential after surgical resection, radiotherapy and chemotherapy
due to its noninvasive treatment, low level of systemic side effects,
and the conquest of chemotherapy drug resistance at tumor sites
[144-151]. Recently, there are more and more researches about
photothermal materials, among which gold nanomaterials are the
main ones (Figs. 6a and b). However, due to the high cost, poor
photothermal stability and biometabolicity in vivo of gold nano-
materials, many other photothermal materials have emerged in
recent years. Among them, metal-sulfur compounds, such as CuS
and Ag,S, have become the new research hotspot of photothermal
materials because of their low cost, good photothermal stability,
low cytotoxicity and controllability of particle size morphology
[18]. While, compared with CuS materials with the higher basal
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Fig. 4. TEM images and size distribution graphs of Ag,S nanocrystals synthesized at 145 °C for different reaction times. (a) 5 min; (b) 30 min. Reproduced with permission

[133]. Copyright 2012, Elsevier B.V.
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heat, Ag,S has better biocompatibility, biometabolicity, lower toxic
and side effects, and higher photothermal conversion efficiency.
Therefore, more and more researchers are turning their attention
to the photothermal effects of Ag,S in recent years (Fig. 6¢).

3.1. Ag>S quantum dots

A nanoparticle is called a quantum dot when its size is no larger
than twice the Bohr radius. Therefore, the Ag,S quantum dots
discussed in this section are less than 4.5 nm in size [134]. Initially,
Ag>S quantum dots were mainly used for near-infrared imaging,
but with the continuous research, some Ag,S quantum dots began
to be used for photothermal treatment. In 2016, Cai et al. [109]
developed a straightforward method to directly synthesize water-
soluble Apt43-Ag,S QDs with 2.5nm. As shown in Fig. 7a, the
temperature of Apt43-Ag,S QDs solution (100 pg/mL) can be

elevated by almost 30 °C irradiated by 808 nm laser (1.0 W/cm?,
12 min). The QDs exhibited concentration-dependent and power-
dependent photothermal effect, good photothermal conversion
efficiency (23.8%) and excellent photothermal stability (Figs. 7b
and c). After intravenously injected with 250 nL of Ag,S QDs
(400 pg/mL) for 3h, the tumor-bearing nuked mouse were
irradiated by 808 nm laser (1.5W/cm? 10 min). As shown in
Figs. 7d and e, the temperature of the tumor sites reached
approximately 52 °C. And the tumors can be effectually ablated
with no longer growth (Figs. 7f-h). Later, Chen and co-workers
[120] synthesized Ag,S nanodots (4.1 nm) by biomineralization
(Fig. 8a), which had good photothermal conversion efficiencies
(33.7%-35.0%). In 2018, Liu et al. [65] developed a multifunctional
Ag>S QD@PCoARGD hybrid nanogel with high QY (4.3%). In this
study, the temperature of nanogel solution contained 4.5 nm Ag,S
QDs (1.0 mg/mL, Ag" ions) increased significantly compared with



R. Han et al./Chinese Chemical Letters 31 (2020) 1717-1728 1723

- b

Temperature (°C)
8 8 8 8 8

888883
m

3

g
T
®

Temperature (°C)
&
T

8
T
o

Ik

0246 8101214 25C

2 4 6 8101214

8

0 2 4 6 8 10

Irradiation time (min) Irradlatlon time (min) Irradiation time (min)
70 60 60 2s

~ el d f f Cha) 3

o el %0 501 o [ -

o SOF d o 5 [ =4

5 40 r = 10l E4T

© 4 c ‘g f-)

Q b L 0sf 2r

g- 30} a 30 30 ,2 E

] 00 O 0kL L

" |- TP P) T R oliatatiiisny ¢ 510 15
0246 8101214 0 5 10 15 20 25 0 10 20 30 40 50 60 70 Time (day)

Irradiation time (min) Irradiation time (min) Irradiation time (min)

Fig. 7. Temperature-elevation curves (a) and infrared themography (b) of Apt43-Ag,S QDs and Apt43 solution. (c, d) Dependence of the temperature-elevation curve profiles
on the concentration of Apt43-Ag,S QDs solution and power densities of laser. (e, f) The course of temperature and photothermal stability of QDs solution. (g) Infrared
themography and temperature elevation of tumor sites in vivo. (h) Tumor size, tumor weight, and relative tumor volume of the mice in experiment. Reproduced with
permission [108]. Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Hollow expansive
albumin nanocage

c § — 4t 45 0m
8 |—19m -7 0m
_§. — S8 nm 304 "= inm
2 o~
2 20
8 =
H 10
& ¢ 20
1025 1050 1075 1100 180 240 300 o 300 €00 900 1200
Wavelength (nm) 'I'Imo (s) Time (s)

Fig. 8. (a) Schematic illustration of Ag,S@GSH nanodots by biomimetic synthesis. (b) TEM images of Ag,S-NDs. (a. 4.1 nm, b. 7.9 nm, c. 9.8 nm). (c) Absorption spectra and
photothermal properties of Ag,S-NDs. Reproduced with permission [119]. Copyright 2017, American Chemical Society.

the PC10ARGD aqueous solution with an 810 nm laser (2.5 W/cm?,
8 min) (Figs. 9a and b), and nanogel showed good photothermal
conversion efficiency (Fig. 9¢). The temperature of tumor sites
reach up to 60.7 °C rapidly under the irradiation of 810 nm laser
(2.5W/cm?, 2min), which can effectively scald tumor tissue
(Figs.9d and e). Zhu et al. [ 116] fabricated a versatile nano platform,

in which Ag,S as the diagnostic agent and photothermal agent, was
synthesized on mesoporous silica by in situ growth method. The
multifunctional Ag,S@HMSs-A7R displayed a great photothermal
effect. The temperature increased to roughly 54.3 °C in tumor sites
under irradiated by 808 nm laser (1.0 W/cm?, 10 min), which was
enough to kill the tumor cells.
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3.2. Ag,S nanosphere

In addition to Ag,S quantum dots, Ag,S nanospheres of a certain
size show better photothermal effects. In 2018, Zhao’s group [152]
constructed a multifunctional co-delivery drug and gene nano-
platform, in which Ag,S acts as a fluorescent tracer and photo-
thermal agent. In this work, the particle size of Ag,S NPs is 6.5 nm,
with a good photothermal effect. The nude mice bearing tumor
(group V) were injected with 50 pL of nanoprobe (20 mg/mL)
intratumorally and irradiated by 808 nm laser (2.0 W/cm?, 10 min)
at 24 h post-injection. The temperature of the tumor site reached
54.4 °C, and the effect of anti-tumor is the most effective. What is
more, Chen and co-workers [120] also synthesized Ag,S nanodots
of 75 nm and 9.8 nm by biomineralization (Fig. 8b), which had
similar photothermal conversion efficiencies (33.7%-35.0%).
Meanwhile, those nanodots have been revealed a size-dependent
photothermal effect. Among them, 9.8 nm Ag,S shows better
photothermal effect, as described in Fig. 8c. Then, they studied the
antitumor effect of 9.8 nm Ag,S-NDs in vivo. Different doses of Ag*
(10.0, 30.0 and 50.0 p.mol/kg) were injected to the tumor-bearing
mice, followed by irradiated by 785 nm laser (1.5 W/cm?, 5 min) at
24 h after the first injection. The temperature elevation of the
maximum dose at tumor sites is about ~19.0 °C, which resulted in
completely tumor ablation without recurrence. In 2015, Chen et al.
obtained Ag,S nanomaterials with particle size of ~100 nm. The
nanoparticle had an excellent photothermal conversion efficiency
(reach up to 63%) and showed a great photothermal property [126].

3.3. Other morphologies of Ag>S

So far, the photothermal effect of spherical Ag,S NPs has been
confirmed by some researchers, but the application of other
morphologies of Ag,S NPs in photothermal therapy has not been
reported. Nevertheless, inspired by other photothermal nano-
materials (like Au) with different morphologies, it also reminds us
that there is still a lot of work to be done to make the best use of
Ag,S materials.

4. The fluorescence characteristics of Ag,S NPs with different
sizes

The early researches of Ag,S materials are mainly focused on
photo-electrochemistry, biosensor, and catalytic application
[123,153-158]. Although Ag,S with different sizes have been
synthesized and the concept of Ag,S quantum dots has even been
proposed [159], the fluorescence characteristics of Ag,S materials
were first reported until 2010 [121]. Wang et al. synthesized Ag,S
QDs with uniform sizes by thermal decompose the single precursor
of Ag (DDTC) and studied its near-infrared fluorescence emission
characteristics. Hence, the door for the use of Ag,S nanomaterials in
near-infrared imaging was opened. Recently, there are more and
more reports on near-infrared fluorescence imaging of Ag,S
nanomaterials. Efforts have been made to prepare Ag,S QDs with
stronger fluorescence signals, higher quantum yield and better
crystal quality [89,125,160,161]. In this section, we summarized the
fluorescence characteristics of Ag,S NPs with different sizes.

4.1. The position of emission peak

Wang’s group proposed the NIR-II fluorescence of Ag,S firstly,
and they also have done a lot of work on Ag,S nanomaterials. In
2014, Wang et al. synthesized a battery of high-quality Ag,S QDs
successfully by means of pyrolysis of single-source precursor of Ag
(DDTC), as shown in Fig. 10a [134]. The particle from 2.4 nm to
7.0 nm exhibited a size-dependent for optical characteristics. The
maximum emission peak of Ag,S QDs shifted from 975 nm to
1175 nm (Fig. 10b). H. Yagci Acar et al. presented a simple, one-step
method synthesis of biocompatible Ag,S-PEG QDs in 2016 [162]. In
this study, Ag,S QDs with different particle sizes from 2.2 nm to
2.6 nm were obtained by controlling diverse reactant ratios. As
described in the results, the maximum emission peak can be tuned
from 775 nm to 915 nm with the increase of nanoparticles.

Cai et al. successfully synthesized Apt43-Ag,S QDs of the sizes
~2.5, 3.1 and 4.4 nm, whose photoluminescence emission corre-
spondingly displays symmetric emission peaks at ~978, 1072 and
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American Chemical Society.

1179 nm [120]. In 2017, I. Gusev et al. reviewed a series of Ag,S NPs
with different sizes and summarized their fluorescence emission
spectrum. As shown in Figs. 11a and b, the photoluminescence
emission peaks tunable from ~640 nm to 1176 nm with the sizes of
Ag,S QDs increase from 1.5nm to 15 +3 nm [163,164]. Another
work, water-soluble Ag,S QDs with different sizes were one-pot
synthesized, and their emission peaks tunable from 1050 nm to
1294 nm with the sizes change from 1.6 nm to 6.8 nm [112]. In 2011,

Pang et al. presented two different sizes Ag,S QDs of 1.5nm and
4.6 nmwhich have a tunable emission from 690 nmto 1227 nm [74].
Subsequently, they reported a series of Ag,S QDs with a tunable
emission from 510 nm to 1221 nm by increasing the sizes of Ag,S
QDs from 1.5 + 1.1 nm to 6.3 1.7 nm [132]. In summary, within a
certainrange (< 4.5 nm), the smaller the particle size, the shorter the
wavelength of maximum emission peak. While the size of nano-
particles continues to increase (< 40nm), the position of the
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Table 3
Functional modification of Ag,S NPs.

Nanoparticle Ligand The function of ligand Refs.
Ag,S@BSA-antiVEGF BSA Reactor, water-solubility modification [110]
Ag,S@BSA-DTPASY pQDs BSA-DTPA®Y Reactor, MRI contrast agent [111]
Ag,S@BSA BSA Reactant, reactor [174]
Ag,S@GSH GSH Water-solubility modification [175]
Ag,S-CS-SNO GSH Reactant, reactor [113]
Apt43-Ag,S QDs Apt43 Reactor and active targeting ligand [109]
Ag,S-PEG PEG Water-solubility modification [99]

RNase A-Ag,S QDs RNase A Capping agent [169]
Ag,S@PVP PVP Blocking agent [176]
Ag,S@PVP PVP Reactor, blocking agent [104]
Ag,S QDs PMAO Water-solubility modification [177]
Ag>S cRGD 3-MPA, cRGD Water-solubility modification [178]
Ag>S-AMD3100 QDs 3-MPA, AMD3100 Active targeting ligand [108]
Ag,S-1@DSPE-PEG2000-FA PEG2000, FA [100]
FA-PEG-Ag>S QDs PEG, FA [179]
Ag,S@Ald QDs PEG, Ald [180]
T&D@RGD-Ag,S PEG, cRGD [181]
Ag>S@PC,,ARGD PC10A, RGD [65]

maximum emission peak is no longer red shifted. The same
phenomenon has been widely reported in other researchers’ work
[100,102,110,165].

4.2. The intensity of photoluminescence

From the discussion in the previous part, we have known the
relationship between the particle size and the position of emission
peak. In this section, we will discuss the effect of nanoparticle size
on fluorescence signal intensity.

Wang et al. synthesized Ag,S QDs with different sizes that have
different fluorescence intensity, as described in Figs. 10c and d. The
images appear to show that the smaller the particle size (particle
size less than 4.4nm), the stronger the intensity of photo-
luminescence. However, when the particle size is larger than
4.4nm and smaller than 7.0 nm, the signal intensity of nano-
particles increases slightly. The same conclusion can be drawn
from their previous work (Fig. 12) [166]. I. Gusev et al. also studied
Ag>S materials with different particle sizes, and the photo-
luminescence intensity showed the same trend (Fig. 11c). The
fluorescence signal intensity of Ag,S NPs with different sizes
synthesized by H. Yagci Acar et al. also decreased with the increase
of particle size, but the fluorescence intensity of nanoparticles with
the smallest particle size was the smallest, which may be
attributed to the serious surface defects. Most recently, Wang
et al. proposed a new solvent tailored strategy to synthesize
ultrasmall Ag,S QDs with strong NIR-II luminescence. In their
works, they prepared a number of Ag,S QDs with different particle
sizes in different reaction solvent [Oam: (al) 8.3 +1.8 nm, (a2)
7.8+1.0nm, (a3) 6.5+0.7nm; DDT: (b1) 9.0+1.5nm, (b2)
5.5+0.7nm, (b3) 5.0+0.6 nm; Glycerin: (c1) 8.1+11nm, (c2)
5.4+0.9nm, (c3) 3.7+0.6 nm], and compared their fluorescence
spectrum [167]. It is not difficult to see from the experimental
results that the intensity of the maximum emission peak has a
negative correlation to the particle size.

5. Safety evaluation of Ag,S materials

As for the biosafety evaluation of Ag,S materials, it does not
contain harmful ions like other sulfur compounds, such as PdS, CdS,
CdSe. Besides, it is reported that Ag,S QDs did not show any
cytotoxicity or DNA damage to V97 cells within the allowable range
of the medically relevant dose [168]. Ag,S QDs did not change the
apoptosis of cells and had a good biocompatibility. Meanwhile, the
solubility product constant of Ag,S is ultralow (Ks,=6.3 x 107°9),

and the amount of Ag ions released into the biological environment
in the body is minimum, which also ensures its biosecurity
[169,170]. Also, Ag" also has an antibacterial effect, which can
inhibit bacterial infection and proliferation to a certain extent in
vitro experiments, belonging to environmentally friendly materials
[171,172].

In addition to the safety guarantee of nanoparticles themselves,
surface modification can further enhance their biocompatibility
and biosecurity [173]. For example, some Ag,S NPs synthesized in
the organic phase have poor water solubility, which can be
modified by some hydrophilic ligands, such as PEG, PVP, protein, to
facilitate in vivo and in vitro experiments. What is more,
modification of some active targeting ligands can improve the
focus targeting of nanoparticles, thereby shortening their circula-
tion time in vivo, reducing the release of metal ions in vivo, and
avoiding their accumulation of toxic and side effects in other
organs, so that they can play a faster, more and more effective
therapeutic effect. Several types of functionalized Ag,S NPs are
shown in Table 3 [65,99,100,104,108-111,113,174-181].

6. Conclusions and challenges

Theranostics integrates the functions of diagnosis and treat-
ment, so it has obvious advantages over a single diagnosis or
treatment. Ag,S can emit fluorescence in the form of light energy
and also can raise the temperature in the form of heat energy to
release absorbed energy after absorbing near-infrared light. The
combination of photoacoustic signal and fluorescence character-
istics of Ag,S can provide better imaging depth, spatial resolution
and more accurate anatomical information. At the same time, it can
also kill tumor cells by its own photothermal effect. Here, we listed
some synthesis methods and influence factors of sizes of Ag,S
nanomaterials briefly. Next, we summarized and compared the
photothermal effects and fluorescence characteristics of Ag,S with
different particle sizes. It can be seen that the photothermal effect
and fluorescence characteristics of Ag,S NPs are correlated with
the particle size. Namely, within a certain size range (< 100 nm),
the photothermal effect of Ag,S NPs is directly proportional to the
particle size, and there is a dependence of concentration, laser
power and irradiation time. Meanwhile, within a certain range of
particle size (< 4.5 nm), the fluorescence emission peak redshifts
with the increase of particle size, and the intensity of fluorescence
emission peak first increases and then decreasesin the range of
particle size (< 40 nm). Currently, there are many studies on using
Ag>S QDs for NIR-II imaging, but relatively few reports on
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photothermal therapy of Ag,S. Hence, the value and application of
Ag,S will be fully utilized if the above two are well combined. So it
is very important to synthesize Ag,S NPs with appropriate size,
which can better play the role of single-component theranostic
agents.

Although Ag,S is a powerful single-component theranostic
agent, there are still some challenges. Firstly, Ag,S kill tumor
tissue mainly through photothermal effect, which has non-
invasive and good compliance. However, due to the three-
dimensional distribution of tumor internal temperature, it is
difficult to completely eliminate tumor tissue by photothermal
therapy alone, which will lead to tumor recurrence or metastasis.
Therefore, it is suggested that photothermal therapy could be
combined with other therapies, such as chemotherapy or
immunotherapy, to achieve a thorough therapeutic effect.
Secondly, small animal near-infrared imaging equipment in
NIR-II is not yet common, which also brings some limitations
to relevant studies, and the clinical application in the later stage
will also face a long way to go. Fortunately, 3D live animal imaging
technology combining NIR-II imaging and photoacoustic imaging
has appeared in the market, and its application prospect is quite
broad. Meanwhile, there are more and more researches on the
second and third region of near-infrared, and it is believed that
the equipment problem will be solved soon in the future. This
means that fluorescence combined with photoacoustic imaging
for clinical diagnosis is expected. In conclusion, Ag,S NPs has
great potential to become a new single-component theranostic
agent and an excellent drug carriers of combination therapy.
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